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Background: Chronic hyponatremia is a risk factor for hip fracture but remains

uncorrected in most patients. This study evaluated if preoperative chronicity of

uncorrected hyponatremia influences outcomes after hip fracture repair.

Materials and Methods: Evaluated were older patients hospitalized for hip fracture

repair between 2007 and 2012 with plasma sodium measured at admission and ≥1

preadmission outpatient measurement. Patients were classified as being normonatremic

(NN; plasma sodium 135–145 mmol/L), chronic prolonged hyponatremia (CPH;

≥2 consecutive plasma sodium values <135 mmol/L over >90 days), or recent

hyponatremia (one plasma sodium <135 mmol/L within 30 days before admission

with previously normal plasma sodium). Length of hospital stay, in-hospital death,

post-operative complications, 30-day readmission, and long-term mortality were the

evaluated outcomes. Multivariable Cox regression was used to evaluate the association

of hyponatremia status with outcomes.

Results: Among 1,571 eligible patients, 76.7% were NN, 14% had CPH, and 9.1%

had RH. Compared with NN patients, CHN patients were older and had more prior heart

failure, alcoholism, and anticonvulsant drug use. In multivariable analyses, neither CPH

or RH was associated with hospital length of stay, in-hospital or 30-day death, or 30-day

readmission, while RH was associated with post-operative sepsis [adjusted odds ratio

(aOR) 1.84, 95% CI: 1.01–3.35). Only CPH was independently associated with long-term

all-cause death (OR 1.53, 95% CI: 1.12–2.09).
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Conclusions: Hyponatremia affects nearly 25% of patients undergoing hip fracture

repair. Preoperative chronic untreated hyponatremia is associated with increased post-

operative mortality following surgical repair of a hip fracture in older patients. Future

studies should evaluate if correction of hyponatremia could decrease long-term mortality

after hip fracture repair.

Keywords: hyponatremia, hip fracture, osteopoenia/osteoporosis, elderly patients, mortality

INTRODUCTION

Acute hyponatremia and chronic hyponatremia (plasma sodium
<135 mmol/L) are known to be associated with significant
morbidity andmortality (1–4). Hyponatremia is common among
older adults, affecting an estimated 10% of free-living adults
aged ≥65 years and up to 20% of persons aged ≥60 years living
in a nursing home (5). Hyponatremia has also been associated
with bone abnormalities, (6) and we recently observed that
prolonged chronic hyponatremia in older adults is independently
associated with an increased risk of experiencing a hip fracture
(7). Hyponatremia is also linked to excess all-cause mortality in
hospitalized patients with and without hip fracture, (7–9) yet the
majority of patients with mild hyponatremia are discharged from
the hospital while still remaining hyponatremic (10).

Several studies (11–14) have analyzed outcomes after surgical
repair of a hip fracture in those with hyponatremia on admission
or after surgery and have suggested excess short- and long-term
mortality as well as prolonged length of hospital stay associated
with hyponatremia. Existing studies did not differentiate
between preadmission chronic hyponatremia compared with
more recent-onset hyponatremia that existed before surgery.
What is less clear is how uncorrected hyponatremia modifies
this association.

To address some key knowledge gaps, this study examined
a cohort of adults hospitalized for hip fracture repair to
evaluate the influence of uncorrected preoperative hyponatremia
and its chronicity on the risk of post-operative complications,
length of stay, hospital readmission, and long-term mortality. It
was hypothesized that both uncorrected chronic hyponatremia
and recent-onset preoperative hyponatremia are independently
associated with increased risks of adverse outcomes and
excess mortality.

MATERIALS AND METHODS

Setting, Sampling Period, and Data
Sources
The source population included beneficiaries of the Hospital
Italiano de Buenos Aires Care Program (HIBACP), a prepaid
health maintenance organization in the city of Buenos Aires,
Argentina, that currently provides comprehensive care for
150,000 persons. All study patients received treatment at
the Hospital Italiano de Buenos Aires between January 1,
2007, and December 1, 2012. The data sources for the
study included information extracted from the institution’s
electronic health record (EHR) system (including data from

a central laboratory), the institutional registry for sepsis
(IRS, www.ClinicalTrials.gov Identifier: NCT01403935), and
the institutional registry for thromboembolic disease (IRTD
www.ClinicalTrials.gov Identifier: NCT01372514). All patients’
health care information in the institution is stored in a Clinical
Data Repository (CDR), which has been operating for more than
10 years. The CDR has mirrored databases with de-identified
information to ensure the privacy and confidentiality of the
data. To enable the secondary analysis, the CDR was used as
an information source. This repository stores clinical documents
from different services such as test results, images, clinical notes,
drug prescriptions, pharmacy dispensations, outpatients visits,
ER visits, in-hospital care, among other examples. Therefore,
the information in this cohort was collected from high-quality
secondary health care database systems of the Hospital network,
integrated into the Electronic Medical Record (EMR) with a
relational base model.

The study was approved by the Hospital Italiano de Buenos
Aires’ institutional review board and was carried out in
compliance with the principles outlined in the Declaration of
Helsinki. A waiver of informed consent was obtained due to the
nature of the study.

Study Sample and Classification of
Normonatremia and Hyponatremia Status
A retrospective cohort study was conducted including all patients
older than 18 years of age who underwent surgery for traumatic
hip fracture and had≥1 plasma sodium measured preadmission,
at admission, and ≥1 measurement before surgery. All
patients included in the study had preadmission plasma
sodium determinations. Patients with a traumatic hip fracture
were identified using relevant Systematized Nomenclature of
Medicine-Clinical Terms (SNOMED-CT) codes from emergency
department or hospital primary discharge diagnosis information
found in the EHR (7). Each patient’s primary treating
inpatient physician reviewed relevant medical records, including
radiographic imaging and operative reports, in order to confirm
that there was a solitary traumatic hip fracture and to exclude
pathologic hip fractures, such as bone metastases, or multiple
traumatic fractures.

All plasma sodium concentration measurements were
performed using the ion-selective electrode method (normal
range 135–145 mmol/L). Plasma sodium levels were corrected
for plasma glucose using the following formula: corrected
plasma sodium (mEq/L) = measured plasma sodium (mEq/L)
+ 0.016 ∗ (plasma glucose [mg/dL]−100). Using available
information from a central laboratory as of the date of hospital

Frontiers in Medicine | www.frontiersin.org 2 June 2020 | Volume 7 | Article 263

https://www.ClinicalTrials.gov
https://www.ClinicalTrials.gov
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Ayus et al. Chronic Hyponatremia and Hip Fractures

admission, patients were classified as being normonatremic or
hyponatremic, with further subclassification of hyponatremia.
Using available preadmission and admission plasma sodium
data, patients with plasma sodium fluctuations above or below
135 mmol/L were excluded from the analytic sample to avoid
misclassification of natremia status, and those with persistent
values >145 mmol/L consistent with hypernatremia were also
excluded. Among the remaining patients, to be considered
normonatremic, patients had to have all preadmission and
admission plasma sodium values between 135 and 145
mmol/L. Patients with hyponatremia were categorized as
having either chronic prolonged hyponatremia (defined as
having ≥2 consecutive plasma sodium values <135 mmol/L
over a period of more than 90 days before admission) or
recent hyponatremia (defined as having one plasma sodium
determination <135 mmol/L within 30 days before admission
with all previous available values being between 135 and
145 mmol/L). Hyponatremia was not corrected, and patients
remained hyponatremic during the entire follow-up period
after surgery.

Covariates
Preadmission patient characteristics that could be associated
with increased in-hospital morality included age, gender, body
mass index, ischemic heart disease, chronic heart failure,
dementia, liver failure, gait disorders, and chronic kidney disease
(CKD, defined as an estimated glomerular filtration rate <60
ml/min/1.73 m2, using the Modification of Diet in Renal Disease
Study equation). Clinical risk factors for fractures present in
the FRAX algorithm were included. The fracture risk algorithm
(FRAX) was developed by the World Health Organization to
calculate the 10-year probability of a hip fracture and the 10-year
probability of any major osteoporotic fracture (defined as clinical
spine, hip, forearm, or humerus fracture) in a given patient.
These calculations account for femoral neck bone mineral
density (BMD) and other clinical risk factors, as follows: age,
sex, body mass index, personal history of fracture, use of oral
glucocorticoid therapy, secondary osteoporosis (e.g., coexistence
of rheumatoid arthritis), parental history of hip fracture, current
smoking status, and alcohol intake (three or more drinks per
day). The World Health Organization risk assessment tool is
available at http://www.shef.ac.uk/FRAX.

Preadmission medication use that may be associated
with hyponatremia included chronic use of antidepressant
medications (selective serotonin reuptake inhibitors, tricyclic
antidepressants), anticonvulsants, thiazide diuretics, and proton
pump inhibitors and corticosteroid use based on information
from admission notes and medication lists.

Follow-Up and Outcomes
Follow-up occurred through December 31, 2012. Outcomes
of interest included both in-hospital and post-discharge
outcomes. Post-operative complications (within 30 days after
hip surgery) that were evaluated included the development
of acute myocardial infarction, heart failure, significant atrial
or ventricular arrhythmias, stroke, venous thromboembolism
(deep venous thrombosis or pulmonary embolism), and sepsis.

In-hospital mortality, length of hospital stay (in days), hospital
readmission for any cause within 30 days after discharge, and
death from any cause during follow-up were evaluated using
comprehensive data from the EHR.

Statistical Analysis
Statistical analyses were performed using SPSS 19.0 statistical
software, and a two-sided P < 0.05 was considered significant in
all analyses. Continuous variables were reported as either mean
and standard deviation (SD) or median and interquartile range
(IQR) if the variable was non-normally distributed. Categorical
variables were reported as frequencies and proportions. Pairwise
comparisons were made between groups for continuous variables
using a t-test or the Kruskal–Wallis test, as appropriate, and for
categorical covariables using a chi-square test or Fisher’s exact
test. The proportion of patients experiencing in-hospital death
and readmission within 30 days post-discharge across groups was
compared using chi-square tests. Index hospitalization length of
stay was compared across groups using a t-test. Incidence of all-
cause death was compared across groups using Kaplan–Meier
survival curves and a log-rank test.

To evaluate the independent association between natremia
status and clinical outcomes, a propensity score was generated
to predict the probability of presenting with any hyponatremia
by considering as candidate variables the baseline patient
characteristics and medications shown in Table 1. The final
propensity score logistic regressionmodel had a c statistic of 0.72.

A multivariable logistic regression was performed for the
dichotomous outcomes of in-hospital death and readmission
for any cause within 30 days post-discharge. A multivariable
linear regression was performed for index hospitalization length
of stay. A multivariable Cox proportional hazard model was
performed for the outcome of time to death from any cause.
All multivariable models were adjusted for the propensity score
for presenting with hyponatremia as a continuous variable in
addition to directly adjusting for age, gender, body mass index,
preadmission diagnosed dementia, prior heart failure, preexisting
CKD, and risk factors for hip fracture, given that these variables
may have differential prognostic information on the outcomes of
interest. For the outcome of death from any cause, an additional
model was conducted that included post-operative complications
which may mediate, at least in part, any observed association
between hyponatremia and mortality. The follow-up period was
up to 5 years.

RESULTS

Cohort Assembly and Baseline
Characteristics
Between 2007 and 2012, 1,571 eligible adults were admitted for
hip fracture repair, with 76.7% presenting with normonatremia
(median plasma sodium 138 mmol/L), 14.2% presenting with
chronic prolonged hyponatremia (median plasma sodium 131
mmol/L), and 9.1% presenting with recent hyponatremia
(median plasma sodium 133 mmol/L) (Figure 1). Of note,
among the 222 patients presenting with chronic prolonged
hyponatremia, the estimated mean (SD) time with hyponatremia
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TABLE 1 | Baseline characteristic of hip fracture patients with normonatremia, chronic prolonged hyponatremia, and recent hyponatremia at admission.

Normonatremia

(n = 1,205)

Chronic prolonged

hyponatremia

(n = 222)

P (vs.

normonatremia)

Recent

hyponatremia

(n = 144)

P (vs.

normonatremia)

Baseline

characteristics

Median (IQR) age (year) 82 (77–86) 86 (81–89) <0.01 83 (78–87) 0.73

Women 961 (79.8%) 183 (82.4%) 0.35 119 (82.6%) 0.41

Median (IQR) plasma sodium (mmol/L) 138 (137–140) 131 (129–133) <0.01 133 (131–134) <0.001

Median (IQR) body mass index (kg/m2) 26 (23–29) 25 (22–28) 0.023 25 (22–27) 0.04

Diagnosed dementia 16 (1.3%) 4 (1.8%) 0.58 4 (2.8%) 0.17

Risk factors

associated with

hyponatremia

Prior heart failure 166 (13.8%) 63 (28.4%) <0.01 20 (13.4%) 0.97

Chronic kidney disease 407 (33.8%) 92 (41.4%) 0.028 44 (30.6%) 0.43

Liver failure 9 (0.7%) 2 (0.5%) 0.80 0 0.29

Antidepressant use 128 (10.6%) 27 (12.2%) 0.49 12 (8.3%) 0.39

Diuretic use 37 (3.1%) 4 (1.8%) 0.29 5 (3.5%) 0.79

Anticonvulsant agent use 103 (8.5%) 16 (7.2%) 0.50 4 (2.8%) 0.01

FRAX® clinical risk

factors associated

with hip fracture

Osteoporosis 565 (46.9%) 116 (52.3%) 0.14 61 (42.4%) 0.30

Rheumatoid arthritis 8 (0.7%) 3 (0.8%) 0.28 0 0.32

Alcoholism 13 (1.1%) 6 (2.7%) 0.05 4 (2.8%) 0.08

Smoking 183 (15.2%) 35 (15.8%) 0.82 21 (14.6%) 0.84

Other fractures 885 (73.4%) 167 (75.2%) 0.58 100 (69.4%) 0.30

Steroid use 51 (4.2%) 11 (5%) 0.62 2 (1.4%) 0.09

was 1,027 (649) days and the median (interquartile) time of
hyponatremia was 932 days (445.25–1,484) before admission.

Compared with patients who were normonatremic, those
presenting with chronic prolonged hyponatremia were older
and were more likely to have prior heart failure, a history
of alcoholism, preadmission anticonvulsant drug use, and a
lower body mass index (Table 1). Compared with those who
were normonatremic on admission, those presenting with
recent hyponatremia were less likely to have preadmission
anticonvulsant drug use and also had a lower body mass
index (Table 1). Of note, there was no significant difference
in the median time between admission and surgery in those
who presented with normonatremia (1 day), chronic prolonged
hyponatremia (1 day, P = 0.86), or recent hyponatremia
(1 day, P= 0.78).

Hyponatremia and Length of Stay and
In-hospital Mortality
Compared to patients presenting with normonatremia (median
length of stay = 7 days), the unadjusted median length of
hospital stay was 8 days (P = 0.15) in those presenting
with chronic prolonged hyponatremia and 8 days (P = 0.78)
in those with recent hyponatremia. After adjustment for
the propensity to present with any hyponatremia and other
potentially confounding variables, no differences were found in
length of stay with chronic prolonged hyponatremia (P = 0.97)
nor in recent hyponatremia (P= 0.93) in the length of stay.

Crude risk of in-hospital death was 14.7% in patients
presenting with normonatremia compared with 24.3% (P< 0.01)
in those with chronic prolonged hyponatremia and 13.2% (P
= 0.63) in patients with recent hyponatremia. In multivariable
analyses, compared to those presenting with normonatremia,

having chronic prolonged hyponatremia or recent hyponatremia
was not significantly associated with in-hospital death (Table 2).

Hyponatremia and Post-operative
Complications
The frequencies of post-operative complications within the
first 30 days among groups are shown in Table 2. In
multivariable analyses adjusting for the likelihood to present
with any hyponatremia in addition to age, gender, and
Charlson comorbidity score, chronic prolonged hyponatremia
was not significantly associated with any of the post-operative
complications, while recent hyponatremia was only associated
with higher odds of post-operative sepsis (adjusted OR 1.84, 95%
CI: 1.01–3.35) (Table 2).

Hyponatremia and 30-Day Hospital
Readmission and Long-Term Mortality
The crude risk of readmission for any cause at 30 days post-
discharge was higher in patients presenting with chronic
prolonged hyponatremia (18%, P = 0.04) but not recent
hyponatremia (12.5%, P = 0.90) compared to patients with
normonatremia (12.9%). After adjustment for potential
confounders, there was no significant association with 30-day
readmission for chronic prolonged hyponatremia (adjusted OR
1.29, 95% CI: 0.86–1.60) or recent hyponatremia (adjusted OR
0.93, 95% CI: 0.54–1.60).

Unadjusted survival was lower in patients presenting
with chronic prolonged hyponatremia (P < 0.01) or recent
hyponatremia (P = 0.046) (Figure 2). In Cox proportional
hazards regression that adjusted for the likelihood of presenting
with hyponatremia, as well as age, gender, Charlson comorbidity
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FIGURE 1 | Cohort assembly of eligible patients hospitalized for hip fracture repair.

score, baseline medication use, and occurrence of post-
operative complications, patients presenting chronic prolonged
hyponatremia had a 53% significantly higher adjusted rate
of death from any cause (adjusted hazard ratio 1.53, 95%
CI: 1.12–2.09), while there was no significant association for
recent hyponatremia (adjusted hazard ratio 1.29, 95% CI: 0.86–
1.93). The mean Charlson comorbidity score in patients with
30-day in-hospital mortality or post-operative complications
was 4± 2 SD.

DISCUSSION

Among older patients undergoing hip fracture repair,
uncorrected chronic prolonged hyponatremia (mean plasma

sodium of 131 mmol/L) on admission was independently
associated with higher long-term all-cause mortality compared
with presenting with normonatremia, while there was no
significant adjusted difference in those presenting with
recent hyponatremia. In contrast, neither chronic prolonged
hyponatremia or recent hyponatremia was significantly
associated with prolonged length of stay or in-hospital mortality
during the index admission, or 30-day readmission for any cause,
after accounting for a wide range of potential confounders, while
recent hyponatremia was associated with higher adjusted odds
post-operative sepsis.

Our findings support and extend previous studies that have
reported that chronic hyponatremia is associated with excess
mortality risk in various conditions (10, 15–18). This growing

Frontiers in Medicine | www.frontiersin.org 5 June 2020 | Volume 7 | Article 263

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Ayus et al. Chronic Hyponatremia and Hip Fractures

TABLE 2 | In-hospital mortality and post-operative complications within 30 days by initial natremia status in patients undergoing hip fracture repair.

Normonatremia

(n = 1,205)

Chronic prolonged

hyponatremia

(n = 222)

Adjusted odds

ratio

(95% CI)

Recent

hyponatremia

(n = 144)

Adjusted* odds

ratio

(95% CI)

In-hospital mortality 177 (14.7%) 54 (24.3%) 1.37 (0.92–1.93) 19 (13.2%) 1.29 (0.86–1.60)

Post-operative complication

Sepsis 72 (6.0%) 21 (9.5%) 1.26 (0.74–2.14) 15 (10.4%) 1.84 (1.01–3.35)

Venous thromboembolic event 42 (3.5%) 9 (4.1%) 0.93 (0.43–1.99) 2 (1.4%) 0.40 (0.09–1.68)

Acute myocardial infarction 8 (0.7%) 1 (0.5%) 0.44 (0.05–3.73) 1 (0.7%) 1.08 (0.13–8.77)

Significant atrial or ventricular arrhythmia 20 (1.7%) 7 (3.2%) 1.52 (0.61–3.77) 3 (2.1%) 1.29 (0.37–4.42)

Stroke 10 (0.8%) 2 (0.9%) 0.89 (0.18–4.27) 0 (0%) 0

Heart failure 14 (1.2%) 6 (2.7%) 0.94 (0.33–2.67) 1 (0.7%) 0.88 (0.10–7.10)

*Adjusted for propensity to present with hyponatremia, age, gender, and Charleston comorbidity score.

FIGURE 2 | Long-term survival for patients undergoing hip fracture repair who presented with normonatremia, chronic prolonged hyponatremia, or recent

hyponatremia.

body of evidence highlights the potential systemic negative
implications of chronic hyponatremia and raises the question
about whether the central nervous system is the main, and
perhaps only, end-organ target of systemic hyponatremia (19).
Several studies have reported that hyponatremia is highly
prevalent in patients undergoing surgical repair of a traumatic
hip fracture, (13, 14, 20, 21) and this study similarly found that

nearly one in four patients (23%) had hyponatremia at the time
of hip fracture repair. While these studies have suggested excess
short- and long-termmortality in those with hyponatremia, none
characterized the duration of hyponatremia and its association
with outcomes following hip fracture surgery. The major finding
of our study is that post-discharge all-cause mortality was
significantly higher in the group who had uncorrected chronic
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prolonged hyponatremia prior to hip fracture repair but not
for recent-onset hyponatremia. Our results support that the
chronicity of hyponatremia not only is important as a risk factor
for developing a hip fracture, as we have shown previously, (7)
but also is linked to an increased long-term risk of death after
hip fracture repair as compared to older patients with shorter
exposure to hyponatremia prior to hip fracture or to patients
with normonatremia.

Chronic hyponatremia may have clinical consequences
not fully appreciated until recently. In a rodent model of
chronic hyponatremia, sustained hyponatremia for 18 weeks
exacerbates multiple manifestations of senescence such as
development of osteopenia, hypogonadism, decreased body fat,
sarcopenia, and cardiomyopathy (19). If chronic prolonged
hyponatremia could produce these conditions in human
subjects, this could increase frailty in an aged population
that may promote an excess risk of death. Emerging data
indicate that hyponatremia may also be a risk factor for
infection due to impaired function of interleukin (IL)-17
producing helper T-cells that play a key role in host immunity
and breakdown of microbial target function due to cellular
edema of mucosal membranes (22–25). Sepsis was the most
frequent complication after traumatic hip fracture repair in
this study (Table 2). Hyponatremia during the preoperative
period has been recently associated with an increase in
subsequent perioperative complications, such as wound infection
and pneumonia (26). The syndrome of inappropriate anti-
diuretic hormone (SIADH) is associated with excess mortality
after discharge from hospital (27) and has been associated
with an increased risk of death after pneumonia (28).
In patients with SIADH who died within the first year,
malignancy appeared to be the most common cause (25.4%),
followed by infection (23.8%). Hyponatremia is an independent
predictor of higher risk for infection-related hospitalization in
chronic hemodialysis patients, and infectious complications may
partially account for the increased mortality observed in the
hyponatremic population with end-stage renal disease (ESRD)
(29). Pretransplant hyponatremia (plasma sodium ≤130 mEq/L)
was significantly associated with a higher adjusted risk for post-
operative sepsis among 134 patients who underwent living-
related liver transplantation (30). Not all studies have found that
hyponatremia is associated with infection-related death though,
(31) so additional research is needed to delineate the potential
infectious and non-infectious pathways that may explain the
excess post-operative mortality associated with preoperative
chronic prolonged hyponatremia.

A strength of this study is that it included a large number
of hip fracture patients who were systematically followed
within a healthcare delivery system in which the duration
of hyponatremia prior to surgery could be characterized and
subsequent long-term mortality for patients with untreated
sustained hyponatremia compared with recent hyponatremia or
normonatremia. All the patients with plasma sodium fluctuations
above or below 135 were excluded from the population studied
to avoid misclassification of natremia status. We also leveraged
clinically rich EHR data on a range of relevant possible
preoperative confounding factors and comprehensive capture of
post-operative complications and long-term follow-up for death.

This study also has several limitations. As an observational
study of “real-world” practice, the study is susceptible to
residual confounding as it relied on information documented
in an EHR to identify potential confounders, and there may
be misclassification or missing data. Information on over-the-
counter medications was unavailable, and the specific cause(s) of
death that occurred during follow-up could not be ascertained.
The cause of death can be difficult to determine even if death
certificate information is available due to misclassification (32,
33). Results from this study may not be fully generalizable
to all populations given the limited racial/ethnic diversity and
the source population based in Argentina. The study also did
not evaluate whether chronic prolonged hyponatremia is a
modifiable risk factor for all-cause death.

In summary, preoperative chronic untreated hyponatremia
is associated with increased post-operative mortality following
surgical repair of a hip fracture in older patients. This supports
the concept that chronic hyponatremia is not a benign condition,
and future interventional studies are needed to determine if
correction of hyponatremia decreases long-termmortality in this
high-risk group.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

JA and AN conceived of the study. NF and AG were involved
in the statistical design and analysis. JA, AN, MM, SA, SN, and
SWwere involved in the study design, analysis, and editing of the
manuscript. All authors contributed to the article and approved
the submitted version.

REFERENCES

1. Ayus JC, Krothapalli RK, Arieff AI. Treatment of symptomatic

hyponatremia and its relation to brain damage. A prospective study.

N Engl J Med. (1987) 317:1190–5. doi: 10.1056/NEJM198711053

171905

2. Ayus JC, Wheeler JM, Arieff AI. Postoperative hyponatremic

encephalopathy in menstruant women. Ann Intern Med. (1992) 117:891–7.

doi: 10.7326/0003-4819-117-11-891

3. Ayus JC, Arieff AI. Chronic hyponatremic encephalopathy in postmenopausal

women: association of therapies with morbidity and mortality. JAMA. (1999)

281:2299–304. doi: 10.1001/jama.281.24.2299

4. Ayus JC, Varon J, Arieff AI. Hyponatremia, cerebral edema, and

noncardiogenic pulmonary edema in marathon runners. Ann Intern

Med. (2000) 132:711–4. doi: 10.7326/0003-4819-132-9-200005020-00005

5. Miller M. Hyponatremia and arginine vasopressin dysregulation:

mechanisms, clinical consequences, and management. J Am Geriatr Soc.

(2006) 54:345–53. doi: 10.1111/j.1532-5415.2005.00609.x

Frontiers in Medicine | www.frontiersin.org 7 June 2020 | Volume 7 | Article 263

https://doi.org/10.1056/NEJM198711053171905
https://doi.org/10.7326/0003-4819-117-11-891
https://doi.org/10.1001/jama.281.24.2299
https://doi.org/10.7326/0003-4819-132-9-200005020-00005
https://doi.org/10.1111/j.1532-5415.2005.00609.x
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Ayus et al. Chronic Hyponatremia and Hip Fractures

6. Negri AL, Ayus JC. Hyponatremia and bone disease. Rev Endocr Metab

Disord. (2017) 18:67–78. doi: 10.1007/s11154-016-9387-7

7. Ayus JC, Fuentes NA, Negri AL, Moritz ML, Giunta DH, Kalantar-Zadeh K,

et al. Mild prolonged chronic hyponatremia and risk of hip fracture in the

elderly. Nephrol Dial Transplant. (2016) 31:1662–9. doi: 10.1093/ndt/gfw029

8. Mc Causland FR, Wright J, Waikar SS. Association of serum sodium with

morbidity andmortality in hospitalized patients undergoingmajor orthopedic

surgery. J Hosp Med. (2014) 9:297–302. doi: 10.1002/jhm.2168

9. Waikar SS, Mount DB, Curhan GC. Mortality after hospitalization with

mild, moderate, and severe hyponatremia. Am J Med. (2009) 122:857–65.

doi: 10.1016/j.amjmed.2009.01.027

10. Greenberg A, Verbalis JG, Amin AN, Burst VR, Chiodo III JA, Chiong JR,

et al. Current treatment practice and outcomes. Report of the hyponatremia

registry. Kidney Int. (2015) 88:167–77. doi: 10.1038/ki.2015.4

11. Rudge JE, Kim D. New-onset hyponatraemia after surgery for traumatic hip

fracture. Age Ageing. (2014) 43:821–6. doi: 10.1093/ageing/afu069

12. Hagino T, Ochiai S, Watanabe Y, Senga S, Saito M, Takayama Y,

et al. Hyponatremia at admission is associated with in-hospital death in

patients with hip fracture. Arch Orthop Trauma Surg. (2013) 133:507–11.

doi: 10.1007/s00402-013-1693-x

13. Madsen CM, Jantzen C, Lauritzen JB, Abrahamsen B, Jorgensen HL.

Hyponatremia and hypernatremia are associated with increased 30-day

mortality in hip fracture patients. Osteoporos Int. (2016) 27:397–404.

doi: 10.1007/s00198-015-3423-4

14. Tinning CG, Cochrane LA, Singer BR. Analysis of hyponatraemia associated

post-operative mortality in 3897 hip fracture patients. Injury. (2015) 46:1328–

32. doi: 10.1016/j.injury.2015.03.035

15. Corona G, Giuliani C, Verbalis JG Forti G, Maggi M, Peri A.

Hyponatremia improvement is associated with a reduced risk of

mortality: evidence from a meta-analysis. PLoS ONE. (2015) 10:e0124105.

doi: 10.1371/journal.pone.0124105

16. Lu DY, Cheng HM, Cheng YL, Hsu PF, Huang WM, Guo CY, et al.

Hyponatremia and worsening sodium levels are associated with long-term

outcome in patients hospitalized for acute heart failure. J AM Heart Assoc.

(2016) 5:e002668. doi: 10.1161/JAHA.115.002668

17. Castillo JJ, Glezerman IG, Boklage SH, Chiodo J, Tidwell BA, Lamerato LE,

et al. The occurrence of hyponatremia and its importance as a prognostic

factor in a cross-section of cancer patients. BMC Cancer. (2016) 16:564.

doi: 10.1186/s12885-016-2610-9

18. Holland-Bill L, Christiansen CF, Heide-Jorgensen U, Ulrichsen SP, Ring T,

Jørgensen JO, et al. Hyponatremia and mortality risk: a Danish cohort study

of 279 508 acutely hospitalized patients. Eur J Endocrinol. (2015) 173:71–81.

doi: 10.1530/EJE-15-0111

19. Barsony J, Manigrasso MB, Xu Q, Tam H, Verbalis JG. Chronic hyponatremia

exacerbates multiple manifestations of senescence in male rats. Age. (2013)

35:271–88. doi: 10.1007/s11357-011-9347-9

20. Haentjens P, Magaziner J, Colon-Emeric CS, Vanderschueren D, Milisen

K, Velkeniers B, et al. Meta-analysis: excess mortality after hip fracture

among older women and men. Ann Intern Med. (2010) 152:380–90.

doi: 10.7326/0003-4819-152-6-201003160-00008

21. Beloosesky Y, Hershkovitz A, Solovey B, Salai M, Weiss A. Hip fracture

post-operation dysnatremia and Na+-courses in different cognitive and

functional patient groups. Arch Gerontol Geriatr. (2011) 53:179–82.

doi: 10.1016/j.archger.2010.10.014

22. Wu C, Yosef N, Thalhamer T, Zhu C, Xiao S, Kishi Y, et al. Induction of

pathogenic TH17 cells by inducible salt-sensing kinase SGK1. Nature. (2013)

496:513–7. doi: 10.1038/nature11984

23. Ayus JC, Caputo D, Bazerque F, Heguilen R, Gonzalez CD, Moritz

ML. Treatment of hyponatremic encephalopathy with a 3% sodium

chloride protocol: a case series. Am J Kidney Dis. (2015) 65:435–42.

doi: 10.1053/j.ajkd.2014.09.021

24. Kleinewietfeld M, Manzel A, Titze J, Kvakan H, Yosef N, Linker RA, et al.

Sodium chloride drives autoimmune disease by the induction of pathogenic

TH17 cells. Nature. (2013) 496:518–22. doi: 10.1038/nature11868

25. van der Meer JW, Netea MG. A salty taste to autoimmunity. N Engl J Med.

(2013) 368:2520–1. doi: 10.1056/NEJMcibr1303292

26. Cuesta M, Thompson C. The relevance of hyponatraemia to

perioperative care of surgical patients. Surgeon. (2015) 13:163–9.

doi: 10.1016/j.surge.2014.09.005

27. Basu A, Ryder RE. The syndrome of inappropriate antidiuresis is associated

with excess long-term mortality: a retrospective cohort analyses. J Clin Pathol.

(2014) 67:802–6. doi: 10.1136/jclinpath-2014-202243

28. Muller M, Schefold JC, Guignard V, Exadaktylos AK, Pfortmueller CA.

Hyponatraemia is independently associated with in-hospital mortality

in patients with pneumonia. Eur J Intern Med. (2018) 54:46–52.

doi: 10.1016/j.ejim.2018.04.008

29. Mandai S, KuwaharaM, Kasagi Y, Kusaka K, Tanaka T, Shikuma S, et al. Lower

serum sodium level predicts higher risk of infection-related hospitalization

in maintenance hemodialysis patients: an observational cohort study. BMC

Nephrol. (2013) 14:276. doi: 10.1186/1471-2369-14-276

30. Fukuhara T, Ikegami T, Morita K, Umeda K, Ueda S, Nagata S,

et al. Impact of preoperative serum sodium concentration in living

donor liver transplantation. J Gastroenterol Hepatol. (2010) 25:978–84.

doi: 10.1111/j.1440-1746.2009.06162.x

31. Vallabhajosyula S, Varma MD, Vallabhajosyula S, Vallabhajosyula S.

Association of hyponatremia with in-hospital outcomes in infective

endocarditis: a 5-year review from an Indian Intensive Care Unit.

Indian J Crit Care Med. (2016) 20:597–600. doi: 10.4103/0972-5229.

192051

32. Mieno MN, Tanaka N, Arai T, Kawahara T, Kuchiba A, Ishikawa

S, et al. Accuracy of death certificates and assessment of factors for

misclassification of underlying cause of death. J Epidemiol. (2016) 26:191–8.

doi: 10.2188/jea.JE20150010

33. McGivern L, Shulman L, Carney JK, Shapiro S, Bundock E. Death certification

errors and the effect onmortality statistics. Public Health Rep. (2017) 132:669–

75. doi: 10.1177/0033354917736514

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Ayus, Fuentes, Go, Achinger, Moritz, Nigwekar,Waikar andNegri.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Medicine | www.frontiersin.org 8 June 2020 | Volume 7 | Article 263

https://doi.org/10.1007/s11154-016-9387-7
https://doi.org/10.1093/ndt/gfw029
https://doi.org/10.1002/jhm.2168
https://doi.org/10.1016/j.amjmed.2009.01.027
https://doi.org/10.1038/ki.2015.4
https://doi.org/10.1093/ageing/afu069
https://doi.org/10.1007/s00402-013-1693-x
https://doi.org/10.1007/s00198-015-3423-4
https://doi.org/10.1016/j.injury.2015.03.035
https://doi.org/10.1371/journal.pone.0124105
https://doi.org/10.1161/JAHA.115.002668
https://doi.org/10.1186/s12885-016-2610-9
https://doi.org/10.1530/EJE-15-0111
https://doi.org/10.1007/s11357-011-9347-9
https://doi.org/10.7326/0003-4819-152-6-201003160-00008
https://doi.org/10.1016/j.archger.2010.10.014
https://doi.org/10.1038/nature11984
https://doi.org/10.1053/j.ajkd.2014.09.021
https://doi.org/10.1038/nature11868
https://doi.org/10.1056/NEJMcibr1303292
https://doi.org/10.1016/j.surge.2014.09.005
https://doi.org/10.1136/jclinpath-2014-202243
https://doi.org/10.1016/j.ejim.2018.04.008
https://doi.org/10.1186/1471-2369-14-276
https://doi.org/10.1111/j.1440-1746.2009.06162.x
https://doi.org/10.4103/0972-5229.192051
https://doi.org/10.2188/jea.JE20150010
https://doi.org/10.1177/0033354917736514
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Chronicity of Uncorrected Hyponatremia and Clinical Outcomes in Older Patients Undergoing Hip Fracture Repair
	Introduction
	Materials and Methods
	Setting, Sampling Period, and Data Sources
	Study Sample and Classification of Normonatremia and Hyponatremia Status
	Covariates
	Follow-Up and Outcomes
	Statistical Analysis

	Results
	Cohort Assembly and Baseline Characteristics
	Hyponatremia and Length of Stay and In-hospital Mortality
	Hyponatremia and Post-operative Complications
	Hyponatremia and 30-Day Hospital Readmission and Long-Term Mortality

	Discussion
	Data Availability Statement
	Author Contributions
	References


